This paper presents a preliminary report detailing 3-D flow visualization images of a zero-pressure gradient (ZPG) and adverse pressure gradient (APG) turbulent boundary layer. A Stratford ramp was designed and constructed to produce a moderate adverse pressure gradient on the wind tunnel wall. The boundary layer flow was seeded with smoke and a high-repetition rate laser light sheet is scanned across the flow. Using a high speed camera, 2-D images of the flow were captured which are then reconstructed into a nearlyinstantaneous 3-D flow visualization image of the turbulent boundary layer. Pressure measurements and 2-D particle image velocimetry (PIV) were performed to characterize the flow with and without the ramp. In the three-dimensional flow visualization images, the ZPG turbulent boundary layer appeared to generally have a smoother, more well-defined boundary edge, outlining larger structures compared to the APG case. In the ZPG images, the large scale vortices appear to be a well-defined shape and show streaks of freestream flow entrainment more often than in the adverse pressure gradient case.
I. Introduction
HE investigation of three-dimensional coherent motions in a turbulent boundary layer is the source of much research today. Though we have a general understanding of the structures in a turbulent boundary layer, the distinguishing characteristics of these motions and their complex 3-D interactions are not fully explained, particularly in an adverse pressure gradient. Understanding the nature of these motions is important as researchers seek to better model, predict, and control wall bounded flows. Flow visualization studies have been critical thus far is developing an accurate picture of the turbulent boundary layer, and more flow visualization studies of the very three-dimensional large scale motions could be beneficial in giving further insight into these structures. In most real world flows, boundary layer separation is avoided due to large total pressure losses, loss of control, and loss of lift. The prediction of separation, however, can be extremely difficult and unpredictable. Experimental investigation of the structures in a turbulent boundary layer under an adverse pressure gradient could be beneficial for both practical and theoretical applications.
This work presents a preliminary effort to compare the 3-D coherent structures in an adverse pressure gradient and zero pressure gradient turbulent boundary layers using a 3-D scanning flow visualization technique and proper orthogonal decomposition.
Over the years researchers have pieced together a generally accepted portrait of a turbulent boundary layer and its structures. Important papers such as Robinson, 1 Smits & Delo, 2 Panton, 3 and Adrian 4 describe the turbulent boundary layer in great detail. A brief description is that the near wall region consists of streamwise vortices producing relatively long streaks of high momentum and low momentum fluid. The log layer is dominated by hairpin-type vortices. These hairpin vortices are general depicted as a symmetric structure inclined at 45 degrees, but they are frequently one-legged and occur at a variety of orientations. 5 These vortices travel in packets, which connects their dynamics with the large scale motions observed in the outer layer of flow visualization experiments (e.g. inclined turbulent bulges, pockets, etc.). In low Reynolds number flows, as few as two or three hairpin vortices can be observed in these packets. The number of vortices and the range of scales in the low momentum region increases with increasing Reynolds number.
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The large scale motions in the outer layer are thought to affect the structures in the near-wall region. Flow visualization studies of Delo and Smits 7 found that ejection events occurred in the near wall region when large scale motions passed over the flow. The fluid ejected by these events generally penetrated the trailing edge of the bulges which increased their size in the streamwise direction. In addition, recent research has shown that the large scale motions will modulate the smaller scale motions in the near wall region.
8 Thus, the large scale motions (i.e. their size, spacing, and orientation) are of great interest. Previous researchers have noted that the large scale motions in the APG turbulent boundary layer were larger and erupted more violently than the structures in the ZPG boundary layer. 9, 10 The experiment presented in this paper seeks to add to experimental data on the outer structures in the turbulent boundary layer under an adverse pressure gradient.
Flow visualization studies, such as seeding smoke into the boundary layer, have served an important role in determining details of the underlying structure of a turbulent boundary layer. The flow visualization trials of Praturi and Brodkey, 11 Head and Bandyopadhyay, 5 Smits and Delo, 2 among others, have led to very important discoveries of the structures in a turbulent boundary layer. In fact, much of our current understanding of the turbulent boundary layer has flow visualization experiments at its roots which will often lead to more detailed investigation. For example, inspired by the smoke visualization of a turbulent boundary layer by Head and Bandyopadhayay which depicted hairpin vortices inclined at 45 degrees from horizontal, Hutchins et al 12 performed cross-plane stereo-PIV inclined at 45 degrees to successfully detect these hairpins vortices.
Traditional flow visualization techniques are limited due to uncertainties, specifically in the seeding process, however, it is argued that since the smoke is transported by turbulence, the smoke will mark the edge between the vortical boundary layer and the non-turbulent free stream flow 13 and previous works have supported this assumption.
14 Some experiments have supplemented flow visualization with simultaneous hot wire measurements, 15 or Laser Doppler anemometry. 16 In our lab, previous simultaneous flow visualization and PIV trials have shown good agreement in the edge of the boundary using flow visualization and velocity fields. 17 Due to the inherent 3-D nature of the turbulent boundary layer, this experiment and our previous research has utilized a 3-D flow visualization technique which scans a high repetition rate laser. This technique can be applied to a variety of flows and high Reynolds number boundary layers. In comparison to other recent developments in 3-D imaging (e.g. tomographic PIV, holographic PIV), our technique is more qualitative but can be applied to larger flow volumes. 18 The ability to capture larger volumes could potentially be important in looking at superstructures or very large scale motions which can be on the order of five to ten boundary layer thicknesses in length. The benefit in our technique is the ability to measure a thicker volume in depth compared to other techniques which are limited in their depth of field. For the work presented in this paper, we have acquired 3-D flow visualization images of the turbulent boundary layer on the tunnel wall with and without the Stratford ramp, to investigate the differences in the outer edge of the turbulent boundary layer under different pressure gradients.
II. Experimental Arrangement
The Auburn University Advanced Laser Diagnostics Laboratory has successfully captured 3-D flow visualization images of a turbulent boundary layer with our state of the art pulse burst laser and high speed camera set up. This experiment builds on previous trials to capture and compare a zero pressure gradient turbulent boundary layer to an adverse pressure gradient turbulent boundary layer.
A. Facility and Particle Seeding
All experiments were conducted in the Auburn University Advanced Laser Diagnostics Laboratory's 2' x 2' wind tunnel. The flow on the top wall is tripped to a turbulent flow by 60 grit sand paper with 1 inch width in the streamwise direction. Six inches downstream of the sandpaper, smoke is introduced through a slit in a port at the top of the wind tunnel. The smoke travels along the top of the tunnel 84 inches downstream to the measurement location as shown in Figure 1 . The average boundary layer thickness at this location is approximately two inches.
The smoke machine used for this experiment is a ViCount Compact 1300 oil-based smoke generator that produces particles 0.2-0.3 micrometers in size. The smoke fills a reservoir above the tunnel and then is passively pulled into the wind tunnel via a spanwise slit that is 1/8 inch thick and 5" long. The smoke flows along the top of the wind tunnel and seeds the boundary layer. Previous simultaneous flow visualization and velocity measurements in the Auburn University diagnostics lab have shown that the edge of the smoke effectively marks the edge of the boundary layer. Although the intensity of the smoke does not directly correlate with the velocity, the edge of the smoke accurately reflects the separation of non-vortical freestream flow and the vortical boundary layer.
B. 3-D Flow Visualization Technique
In this paper, we use the term flow visualization images to describe intensity images that result when smoke is introduced into the boundary layer through a slit. Three-dimensional flow visualization is accomplished by scanning a high-repetition rate laser light sheet through the desired flow field and acquiring 2-D images of the flow throughout the scan. The resulting sequence of 2-D images is then reconstructed to form a 3-D volume of the flow field. The unique aspect of this 3-D technique is its high speed capabilities which are made possible using a third generation pulse burst laser system with a galvanometric scanning mirror and a high framing rate CCD camera. A full description of the technique can be found in previous papers 19, 20 with only a brief description of the improvements made since.
The main piece of instrumentation used in this technique is a home-built pulse burst laser system (shown in Figure 2 ) capable of producing laser pulses at repetition rates in excess of 1 MHz over a 1 msec long window. 21 Six amplification stages have been added to the system such that for this experiment the laser energy is greater than 50 mJ/pulse. For 3-D flow visualization, a burst of 68 laser pulses is produced at 500 kHz repetition rate and deflected off of a 6 mm aperture galvanometric scanning mirror. A long focal length spherical lens and a cylindrical lens located in front of the scanning mirror are used to form an approximately 1 mm thick laser sheet whose position is determined by the momentary angle of the scanning mirror. For this experiment, the laser is directed down into the tunnel and scanned from back to front with the camera positioned on the side of the flow. Images are acquired for each successive laser pulse using an Ultra 68 intensified CCD framing camera. The camera is capable of acquiring 68 images, each with 220 x 220 pixel resolution, at a framing rate of 500 KHz. In this experiment, the framing rate is 500 KHz, thus, a sequence of 68 images is acquired in 136 microseconds, so that the movement of the flow field between the first and last image is negligible.
C. Stratford Ramp
To create an adverse pressure gradient, a Stratford Ramp was constructed and installed in the 2' by 2' wind tunnel at Auburn University. A Stratford Ramp was initially proposed by B.S. Stratford in the 1950's as a ramp that creates the maximum pressure recovery in the shortest distance. In doing this, it will create a flow continually on the verge of separation. 22 Other researchers have studied and constructed Stratford ramps for adverse pressure gradient flows as described in Elsberry et al. 23 Stratford developed a criterion to predict the separation of a turbulent boundary layer in an adverse pressure gradient. Stratford then solved for the pressure distribution that resulted in zero shear stress at the wall. This effectively produces a flow near separation throughout its region of pressure rise. Stratford developed the following equations for a Reynolds number based on downstream distance on the order of 10 6 :
where C p is the canonical pressure coefficient:
( )
Thus, C p =0 in the region of maximum velocity and C p is 1 when the flow would be slowed to zero velocity. The variable x o is the effective boundary layer length:
The effective boundary layer length accounts for the growth of a turbulent boundary layer prior to the flow expansion, or the region of pressure rise. For this wind tunnel, a ramp leading up to the recovery section was designed using a 3 rd order polynomial. The ramp-up took the initial test section, decreasing its area to a throat where the Stratford Recovery section begins. The shape of the ramp-up section was used to calculate the effective boundary layer length. Stratford determined that the constants a and b in Equation 1 were .39x o 1/2 and -.78x o respectively. Using these equations, Stratford's method accurately conservatively predicts turbulent boundary layer separation within 10% of actual separation giving "a reasonable margin of stability" according to Stratford's data.
This pressure distribution is discontinuous at values less than x o , which is accounted for by disregarding any values prior to x o . In order to calculate a ramp geometry, continuity was used in conjunction with the calculated pressure distribution. Because of the discontinuity at x o , a smooth transition into the geometry was established by joining a circle with an 8" radius to the initial points of the recovery geometry. Using this process the full recovery geometry was obtained and is shown in Figure 3 . The final design consisted of four foot converging section with a maximum height of 10", and a roughly 5 foot long Stratford ramp recovery section. The Stratford ramp was constructed to fit inside the 2' by 2' open circuit wind tunnel out of expanded polystyrene foam. The converging and recovery sections were cut in two separate pieces using a large CNC foam cutter and joined together using a 5" flat section of plywood. All three of these sections were fiber glassed and sanded to ensure the ramp's durability and a smooth surface for optimal flow conditions.
III. Results
Trials were run in the 2' by 2' wind tunnel in the Auburn University Laser Diagnostics Laboratory. For each trial, 275 images were acquired.
A. Boundary Layer Parameters
The newly built Stratford ramp was installed into the tunnel, and static pressure measurements were taken on the top wall above the recovery section of the ramp. The canonical C p values were calculated from the pressure measurements. At the location of the field of field of view for the 3-D flow visualization, the C p value is approximately 0.275. The average boundary layer profiles for both turbulent boundary layers were calculated from 2-D PIV. The ZPG turbulent boundary layer has more fluid and momentum closer to the wall as compared to the APG boundary layer. From the boundary layer profiles, the boundary layer thickness, , displacement thickness,   momentum thickness, shape factor, H, and Reynolds number based on momentum thickness, Re  , are calculated and displayed in Table 1 . The shape factor is larger in the case of an adverse pressure gradient turbulent boundary layer, indicating it is closer to separation as compared to the ZPG case as would be expected. The friction velocity, v*, and wall shear stress,  w , are found using the technique described by Kendall and Koochesfahani 24 of fitting the data points to the Spalding profile in the log region of the boundary layer. 25 Using the wall shear stress, the equilibrium pressure gradient parameter, , can be found. As described by Clauser, 26 ( ) ( ) For this APG trial, was calculated to be 8.2, generally considered to be a moderate to strong pressure gradient. 27 The shape factor of 1.77 is also larger than that of a turbulent boundary layer, but less than about 2.2 to 2.5 at which separation would be expected.
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B. 3-D Flow Visualization Images
The field of view for the volumes is 3.5 inches in the streamwise direction, 3.5 inches in the wall normal direction (height) and 3.25 inches in the spanwise direction (depth). As stated previously, the boundary layer thickness for the zero pressure gradient case was 2.3 inches and the boundary layer thickness for the adverse pressure gradient was 1.8 inches. Therefore, the fields of view for ZPG and APG cases are approximately cubes of 1.5  and 2  respectively.
The high speed camera captures 68 images at 500 kHz for every sequence. Those 68 images are then smoothed, and corrections are made for laser sheet normalization and frame to frame intensity fluctuations from the laser and camera. The scanned laser sheet illuminates the smoke in the boundary layer, and the difference in the freestream flow and the boundary layer can be identified. Figure 5 illustrates the 3-D reconstruction process showing five out of the 68 images used. After any corrections are made to the raw image, the background intensity from the freesteam is subtracted out of the image. An isosurface corresponding to the intensity which best matches the separation of the boundary layer and freestream is selected for 3-D viewing in TecPlot. Once the isosurface is judiciously selected, the image can be investigated in further detail. Here, in Figure 6 , we are looking at an example of the one of the zero pressure gradient turbulent boundary layer images. The isosurface which corresponds to the boundary layer edge outlines many structures protruding from the boundary layer. Some large scale motions of low momentum fluid span 0.75 to 1.5 boundary thicknesses in length in the streamwise direction. In Figure 6 , the feature at A spans 0.75  in the streamwise direction.
Other features which are smaller are also prominent in the boundary layer edge. Smaller structures of low momentum fluid bulging from the boundary layer can be seen at locations B, C, D, and E in Figure 6 . These smaller structures are just features of the large scale motion, packets of vortices that are rolling up and protruding from the boundary layer edge. Some of the structures like C and D are 0.4 to 0.5  in the streamwise and spanwise direction. Others are smaller like B and E, about 0.25  in the streamwise and spanwise direction.
Flow visualization of the APG turbulent boundary layer can also be investigated. An example is shown in Figure 7 . In this image, there is one larger structure at B, approximately 0.6  in length. Most of the boundary layer edge is dominated by small features of fluid. There are some structures of about 0.1 to 0.2  in streamwise and spanwise dimensions, such as A, C, and D. The rest of the boundary layer is dominated by even smaller structures, as can be seen in Figure 7 . There are many different shapes and sizes of structures in the boundary layers. In these images, features on the order of 0.25 to 0.5  in streamwise and spanwise length dominate the boundary layer. There are underlying large scale motions with these smaller features dotting the boundary layer edge. This was typical of most of the zero pressure gradient turbulent boundary layers. Figure 9 shows four examples of the 3-D flow visualization images for the adverse pressure gradient case.
While the boundary layer edge does show many different types of structures with different shapes and sizes, it is dominated by more numerous features that are on the order of 0.1 to 0.2  in length in the streamwise and spanwise direction. In looking at all the images for the zero pressure gradient and adverse pressure gradient trial one of the main consistent differences is that the zero pressure gradient case had a smoother, more identifiable boundary layer edge. This was not true of every single image, it was a difference that appeared to keep showing up. In a survey of all 275 ZPG images and all 275 APG images, the occurrences of multiple, well-defined structures greater than half a boundary layer thickness in length were twice as common in the ZPG turbulent boundary layer compared to the APG case. For ZPG and APG trials, the field of view, laser alignment, and smoke seeding process were held constant such that the only difference in the two trials was the presence of the Stratford ramp which produced the adverse pressure gradient.
The image processing was the same for both trials, as special care was taken to ensure that the differences in the two trials were due to the difference in the adverse pressure gradient and not any other parameters. The difference in the size of the structures in the boundary layer edge may be most notable when looking at an overhead view of the 3-D flow visualization images. Figure 10 shows overhead views from four ZPG images (top row) compared to four APG images (bottom row). To better illustrate the boundary layer structures, the grayscale on the image was set such that color corresponds to the wall normal height. One can see the notable difference in the larger structures dominating the ZPG boundary layer edge compared to smaller features dominating the APG boundary layer edge. In describing the boundary layer edges, the trial with the zero pressure gradient produced noticeably smoother edges in about 50% more instances than the adverse pressure gradient trials.
Another noticeable difference was the prevalence of freestream entrainment in the ZPG boundary layers. As thoroughly described by Praturi & Brodkey, 11 these crevices under large scale vortex formation occurred mostly in the zero pressure gradient trials. These entrainment events, as shown in Figure 11 were captured much more frequently in the zero pressure gradient cases.
In a survey of the middle streamwise slice of all the images, noticeable entrainment events occurred 2.4 times more often in the zero pressure gradient turbulent boundary layer, compared to the adverse pressure gradient trial. In the ZPG trial, the large scale vortices appear to be keeping their shape better and allowing streaks of entrainment more often than in an adverse pressure gradient.
IV. Summary
Three-dimensional flow visualization volumes of flow on the wind tunnel wall were acquired for a zero pressure gradient and adverse pressure gradient turbulent boundary layer. For each realization, a high-repetition rate laser light sheet was scanned through the desired flow field and acquired 2-D images of the flow which were then reconstructed to form a 3-D volume of the flow field. This state of the art technique uses a third generation pulse burst laser system with a galvanometric scanning mirror and a high framing rate CCD camera. A Stratford ramp was designed, constructed, and placed into the wind tunnel to create an adverse pressure gradient. For the adverse pressure gradient in this trial, the equilibrium pressure gradient parameter, , was 8.2, and the shape factor of the boundary layer was 1.77, corresponding to a moderate to strong adverse pressure gradient. The flow visualization volumes were captured for 275 sequences of ZPG and APG turbulent boundary layers with Reynolds numbers (based on momentum thickness) of 7970 and 6370 respectively. Qualitative observations of the differences in the two cases are made.
The outer boundary layer edge for the ZPG turbulent boundary layers appeared to outline larger structures and be consistently smoother than its APG counterparts. Larger structures appeared to be about twice as prevalent in the ZPG turbulent boundary layer case. An example of this was shown in the three-dimensional reconstructions and an overhead view of the volume. In a survey of the boundary layer edges, the ZPG images were deemed smoother 50% more often than the APG cases.
Another noticeable difference in the two trials was the prevalence of freestream entrainment crevices for the ZPG case. Noticeable entrainment events occurred about 2.4 times more often in the zero pressure gradient case, compared to the adverse pressure gradient trial. The large scale vortices appear to be keeping their shape and showing more defined streaks of entrainment more often than in an adverse pressure gradient.
Watmuff 9 and Lian 10 both noted that large scale motions in the adverse pressure gradient were larger and erupted more violently than their zero pressure gradient counterparts. While, we did not see larger structures in the APG case, we did see more convoluted boundary layers indicating more volatile structures in the APG case. The structures in the ZPG trials appeared to keep their shape further downstream than structures in the APG turbulent boundary layer. The qualitative observations of the differences in the ZPG and APG presented in this paper will be further investigated.
